In congenital Chuvash polycythemia (CP) 
Introduction
Hypoxia [1] and iron [2] modulate many metabolic processes. Chronic and acute hypoxia cause morbidity and mortality associated with pulmonary and brain edema [3] , pulmonary hypertension [4] and aberrant metabolism [5; 6; 7] . Hypoxia has multiple effects on the expression of a vast array of genes, but this has been almost entirely investigated in vitro [8] or in experimental animals [9] . Iron deficiency is a common nutritional disorder, and it enhances pathways that are associated with hypoxia as iron is required for optimal activity of prolyl hydroxylases (PHDs) that are principal negative regulators of hypoxia inducible factors (HIFs) [10; 11] ; iron deficiency also has hypoxia-unrelated metabolism-regulating roles [12; 13; 14; 15; 16] . Investigating the relationship between gene expression and the nutritional environment is important for understanding the complications of genetic disorders and for the development of optimal personalized approaches to medical care [17] .
To better understand the pathological processes associated with hypoxia and to develop targeted intervention for disease states associated with hypoxia, we elected to define the hypoxiaand iron-related regulation of genes in humans in vivo by taking advantage of a congenital disorder of up-regulation of the hypoxic response at normoxia. Chuvash polycythemia (CP) is an autosomal recessive form of polycythemia/erythrocytosis that is endemic to the mid-Volga River region in the Russian Federation [18] and is characterized by increased levels of HIFs during normoxia [19] . Furthermore, CP is often accompanied by iron deficiency due to therapeutic phlebotomies, allowing us to weigh the effect of this common nutritional and environmental variable on hypoxic gene expression.
HIF-1 and HIF-2 are transcription factors that serve as master regulators of the hypoxic response. With normal oxygen tension, von Hippel Lindau (VHL) protein binds to HIF-α subunits and labels them for degradation by proteasomes. Proline hydroxylation of HIF- by PHD enzymes is required for the interaction of HIF- with VHL protein [20; 21] . Both oxygen and iron are needed for the activity of PHDs. Low oxygen inhibits VHL binding to HIF- and activates HIF-dependent transcriptional responses, including increased erythropoiesis, angiogenesis, and a metabolic shift from oxidative phosphorylation to glycolysis for ATP generation. HIF-1α and HIF-2α may have complimentary but in some contexts also opposite effects on distinct gene targets depending on tissue-and cell-types [22; 23] . Iron deficiency also has the potential to exacerbate the hypoxic response due to its effect of impairing the activity of PHDs. Consistent with this possibility, iron chelating drugs post-translationally increase the α subunits of HIFs in cultured cells [10; 11] , likely via PHD inhibition and apparently overriding a possible confounding effect of lack of iron in decreasing HIF-2 translation by promoting iron response proteins [24] .
CP is characterized by a homozygous 598C>T (Arg200Trp or R200W) germline missense mutation in the VHL gene [19; 22] , which leads to impaired activity of VHL protein to initiate ubiquitination and ultimately degradation of HIF-1α and HIF-2α. Patients with CP have increased levels of HIF-1 and HIF 2 during normoxia; this leads to altered expression of a large array of HIF-target genes, still not fully defined, and clinical manifestations that have so far been shown to include elevated hematocrit, lower systolic blood pressure (SBP) and enhanced risk of hemorrhage, thrombosis, pulmonary hypertension and other complications [25; 26] . In CP subjects iron deficiency would be predicted to further increase HIF-1 and HIF-2 and augment the increased HIF activity that occurs due to the genetic loss of VHL function [19; 20] ; however, the opposite effect on HIF-2 mediated by its 5' iron responsive element [24] is also possible. 
Materials and Methods

Study Subjects
The Howard University IRB committee approved the protocol and each participant gave written informed consent. Twenty-one healthy Chuvash VHL wildtype (WT) control individuals and 24
Chuvash VHL R200W homozygotes were recruited. The complete blood count was determined by an automated analyzer (Sysmex XT 2000i, Sysmex Corporation, Kobe, Hyogo, Japan), serum ferritin, serum erythropoietin (EPO), and plasma vascular endothelial growth factor (VEGF)
concentrations by enzyme linked immunosorbent assay (ELISA) (Ramco Laboratories Inc., Stafford, TX and R& D Systems, Minneapolis, MN).
RNA Isolation and Expression Profiling
Peripheral blood mononuclear cells (PBMCs) were isolated from EDTA whole blood Ficoll- 
Microarray data preprocessing
All 25mer probe sequences were aligned to human genome assembly GRCh37 allowing ≤ 2 mismatches [27] . Probes with perfect unique match to the genome were selected. We further removed probes that interrogate multiple gene transcripts and that contain SNPs with ≥ 1% minor allele frequency in dbSNP dataset (v135) [28] . Probe level intensities were log 2 transformed, background corrected [29] and quantile normalized [30] . Probe intensity was subtracted by the corresponding probe mean across samples. Gene-level expression intensities were summarized as mean probe intensity within each transcript cluster. In total, 16,642 autosomal transcript clusters (gene-level) were included in this study. [32] . Plasma concentrations of ferritin, EPO and VEGF were log transformed for correlation with gene expression level.
Statistical analysis of clinical data and gene expression variation
Identification of HIF-2 target genes
Public domain gene expression data for VHL-/-and HIF1A-/-renal clear cell carcinoma cell lines with and without HIF2A knocked down (4 HIF2A siRNA treated A498 cell samples verse 4
control siRNA treated A498 cell samples) [33] were compared. A similar probe signal preprocessing procedure and gene expression comparison approach described above was applied for the expression data using Affymetrix GeneChip™ Human Gene 1.0 ST Array. A total of 525 HIF-2 target genes were detected at FDR of 0.10 which had lower expressed levels in HIF2A
siRNA treated A498 cells than in control siRNA treated A498 cells.
Reactome gene interaction
Genes differentially regulated in VHL R200W homozygotes were mapped to Reactome functional interaction database (2012 version) without linker genes. Gene network was constructed and clustered into sub-networks (modules). For each module, genes were ranked by the number of differential genes they interacted with within the module, and hub genes were defined as the top 20% genes.
Results
Clinical features of the study population
The clinical features of the study subjects ( 
Gene regulation networks in VHL R200W homozygotes
To reveal the gene regulation cascades triggered by homozygous VHL R200W mutation, we mapped the 2932 differentially expressed genes to the REACTOME functional interaction database [36] and identified three major regulatory modules (Supplemental Table 3 ). We ranked genes by the number of differential genes with which they interacted within the module and defined hub genes as the top 20% genes for each module. Module 1 covers 266 differential genes ( Figure 3A ). The up-regulated hub genes RXRA, CEBPA, RARA and PRIC285 are involved in transcriptional activation of genes involved in lipid metabolism in liver and adipose tissue [37] .
The down-regulation of hub genes SMAD4 and SMAD2 and up-regulation of SMAD7 indicated a suppression of TGF-β signaling, which in turn was related to up-regulation of several cell proliferation suppressors, CDKN1A, E2F4 and PML, as well as up-regulation of TCF7L2 whose genetic variants associate with risk of type 2 diabetes mellitus [38] . Among the hub genes of this module, there was an over-representation of genes that function through epigenetic mechanisms, for instance HDAC2, HDAC1, CTCF, NCOR1 and CARM1. Table 3 ).
Overall these smaller modules suggested suppression of transcription, translation, DNA Unexpectedly, low serum ferritin concentration was associated with lower expression of 107 genes up-regulated in VHL R200W homozygotes (Table 4 ). Compared to the strong induction effect of iron deficiency (Supplemental Figure 2) , the magnitude of the suppressive effect of iron deficiency on VHL R200W up-regulated genes was generally mild (Supplemental Figure 3 ). Among these genes were several hub genes of the major gene regulation modules, including RARA, VDR, PML and TCF7L2 in module 1, ITGB2, RHOG and STAT2 in module 2, and AKT1 in module 3.
In addition, many VHL R200W up-regulated genes that were suppressed by low iron were involved in the innate immune response and lysozyme activity (see Table 4 )).
Although iron deficiency is expected to enhance HIF-1 and HIF-2 levels and related transcriptional activity by decreasing prolyl hydroxylase activity [1] , it could reduce HIF-2-mediated transcription through IRP-mediated suppression of HIF-2 translation [42] . Consistent with this possible IRP-mediated decrease in HIF-2 mechanism, 100 HIF-2 target genes [33] that exhibited >1.08 fold change in VHL R200W homozygotes had significantly more positive correlations with serum ferritin concentrations than 2282 non-HIF-2 target genes with the same fold induction in VHL R200W homozygotes (one-sided Kolmogorov-Smirnov test P=0.0002, Figure   4B ). Examples of hypoxia-induced genes that were enhanced or suppressed by iron deficiency are presented in Figure 5 .
Discussion
Investigating the relationship between gene expression and environmental factors such as nutritional variables is important for understanding the selection advantages and disadvantages of genetic disorders and for developing personalized approaches to medical care [17] . Chronic hypoxia and acute hypoxia are associated with pulmonary and brain edema [3] , pulmonary hypertension [4] , aberrant metabolism [5; 6; 7] , and increased mortality. Hypoxia has diverse effects on gene expression as investigated in cells in vitro [8] , and lack of iron can further enhance pathways that are associated with hypoxia [10; 11] . To better understand the pathological processes associated with hypoxia we evaluated the expression of genes in individuals with CP, VHL R200W homozygotes with increased levels of hypoxia inducible factors (HIFs) during normoxia [19] . Furthermore, VHL R200W homozygotes often have iron deficiency due to therapeutic phlebotomies, allowing us to weigh the effect of this common nutritional and environmental variable on hypoxic gene expression. We found that the chronic hypoxic response in VHL R200W homozygotes under normoxia induced profound expression alterations in PBMCs that affect inflammation, metabolism, cell survival and cell proliferation. Furthermore, iron deficiency augments expression of HIF-1α preferred target genes whereas represses expression of potential HIF-2α preferred targets in VHL R200W homozygotes.
We recently reported that CP is characterized by lower blood glucose concentrations, likely related to decreased hepatic gluconeogenesis and increased skeletal muscle uptake and glycolysis [43] . The gene regulation module 1 revealed in this study provides further insights into the effect of VHL R200W homozygosity on metabolic pathways. Macrophages derived from peripheral blood mononuclear cells have an important role in metabolic pathways in the liver, pancreas and adipose tissue [44] , and several up-regulated genes (RXRA, CEBPA, BACH1 and MAFB) are essential for macrophage-associated gene expression [45] . The up-regulation of TCF7L2 may prevent glucose intolerance by suppression of gluconeogenesis in liver [46] and stimulation of glucose up-take by peripheral organs, which is supported by decreased liver expression of Slc2a2 and G6pc but increased skeleton muscle expression of Slc2a1 in CP mice [43] . The up-regulation of RXRA, CEBPA, RARA and PRIC285 in VHL R200W homozygotes suggests a stimulation of peroxisomal beta oxidation mediated by PPARA in liver [47] .
Concurrently, the up-regulation of ADIPOR1suggests increased fatty acid oxidation in adipose tissues. Generally increased lipid degradation in liver and adipose tissues may cause elevated serum glycerol and triglyceride concentrations previously observed in CP patients [43] .
The lack of increased incidence of cancer in VHL R200W homozygotes is striking because they have reduced activity of the VHL tumor suppressive gene in all cells since birth, along with increased levels of HIFs and VEGF that have been implicated in oncogenesis. The Warburg effect stipulates that cancer cells are highly dependent on glycolysis rather than oxidative phosphorylation for energy production [48] , and hypoxia is also associated with a shift to anaerobic glycolysis [49] . homozygosity. Activation of T-cells involves rapid clonal expansion, which is to a certain extent similar to cancer cells in that it depends on glycolysis for both energy and biosynthetic substrates [56] . Therefore, the suppression of T-cell activation could also be related to a metabolic profile less hospitable to oncogenesis.
The up-regulation of inflammatory and innate immune responses in gene regulation module 3 is consistent with our previous report of increased plasma concentrations of Th1 and Th2 cytokines in CP [39] . This regulation module is also likely related to macrophage activation [44] , as suggested by the up-regulation of hub gene SPI1 and gene ETS2 which are key regulators of macrophage differentiation [44] . Pro-and anti-inflammatory cytokines and innate immune response genes typically derived from macrophages, for instance TNF, IL1B, IL6, IL10, TLR4 and CD14, were up-regulated in this module, as were several macrophage-associated markers MSR1, CD68 and CD163. Therefore both pro-inflammatory (M1) macrophages and anti-inflammatory (M2) macrophages appeared to be activated in CP patients.
Mechanistically, low iron suppresses PHD activity and therefore enhances both HIF-1α
and HIF-2α stability. On the other hand, a down regulation of HIF-2α translation could override the activation for HIF-2α preferred target genes [24] , as illustrated in Figure 6 . Therefore genes enhanced by low iron were potential HIF-1 targets while genes suppressed by low iron were potential HIF-2 targets, which is supported by expression correlations with serum ferritin concentration between empirically defined HIF-2 targets and non HIF-2 targets ( Figure 4B ). VHL R200W -induced genes exhibited a greater tendency to be influenced by iron fluctuation compared with the suppressed genes ( Figure 4A ). This is consistent with the conclusion that genes down-regulated by hypoxia are typically not direct HIF target genes [57] . Notably, the disease [58] , but enhanced expression of BCL2L1, a gene inhibiting mitochondria-mediated cell death, suggesting promotion of cell survival [59] . Although optimal delineation of HIF-1 and HIF-2 gene regulation needs cell-specific expression studies, the securing of PBMCs was noninvasive, simple and practical and acceptable to the study subjects as this was virtually riskfree and there was only minimal discomfort.
In conclusion, our findings are consistent with a divergent effect of iron deficiency on expression of genes in PBMCs according to whether the gene is predominantly regulated by HIF-1 versus HIF-2 as depicted in Figure 6 , but further research is needed to confirm the molecular basis of this observation. Further research to define the relative risks and benefits of therapeutic phlebotomy for polycythemia is also in order in the light of our gene expression observations. The elucidation of the genomic pathways affecting predisposition to thromboses, pulmonary hypertension, lower SBP and the interaction of augmented hypoxia sensing with iron deficiency in CP should have broad implications for understanding of the pathophysiology of many diseases and the development of targeted therapies of many human maladies.
The microarray data has been submitted to Gene Expression Omnibus (GEO) with accession number GSE40227. The authors have no conflicts of interest to declare. Table 3 . Genes for which induction by the VHL R200W mutation was enhanced by low serum ferritin concentration (P <0.05). Table 4 . Genes for which induction by the VHL R200W mutation was repressed by low serum ferritin concentration (P <0.05). Genes up-regulated (812) or down-regulated (2120) in VHL R200W homozygote were analyzed for enrichment in GO. On the y-axis, GO biological processes (number of differential genes covered)
were ordered by adjusted P [60] from the most to the least significance for up-regulation or down-regulation. GO with P adjusted < 0.05 and fold enrichment >2 are presented. 
